A method for the rapid determination of Re-Os isotopes by multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS) was developed. For Os measurements, samples were introduced into the plasma through conventional solution mode. The main Os memory occurs in the nebulizer; therefore, the use of a glass nebulizer rather than a Teflon nebulizer leads to a significant reduction in the Os memory effect. The Os memory is quickly and easily eliminated by washing the inlet system with 5% HCl-EtOH. The external reproducibility of the 187 Os/ 188 Os ratio of the Johnson-Matthey Chemical ICP (JMC) Os standard solution, as measured using the multi-ion counter system, is 0.07% (2σ, n = 12) for analyte amounts ranging from 0.1 to 1 ng total Os. Using MC-ICP-MS, the mean values of 187 Os/ 188 Os obtained for standards were found to be within analytical uncertainty of values obtained by negative thermal ionization mass spectrometry (N-TIMS). An improved mass-fractionation correction technique using Ir was applied to the isotopic analysis of Re. The present methods demonstrate the feasibility of MC-ICP-MS for precision measurements of the 187 Re-187 Os isotope system.
Inductively coupled plasma mass spectrometry (ICP-MS) had been applied to measurements of Os isotopes because of its high plasma ionization efficiency (as Re + and Os + ) (Russ et al., 1987; Gregoire, 1990; Sun et al., 2001) . In particular, multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS) has great potential in determining Re-Os isotopes (Hirata et al., 1998; Schoenberg et al., 2000; Yin et al., 2001; Makishima and Nakamura, 2006; Nowell et al., 2007) . The limitations of this method are the low overall efficiency (~1%) in the ICP-MS transmission process and a pronounced Os memory effect in the sample-introduction system. To overcome these problems, previous studies have sought to introduce Os into ICP-MS as the volatile species OsO 4 (Hassler et al., 2000; Malinovsky et al., 2002) . This approach was found to offer enhanced sensitivity over traditional solution introduction, via a nebulizer and spray chamber, thereby allowing the in-run precision of 187 Os/ 188 Os isotope ratio to be improved to 1.2% (2σ) for 25 pg Os standard samples and 0.016% (2σ) for 50 ng Os standard samples, using a multiple ion-counter and Faraday cup (Schoenberg et al., 2000) , respectively. However, a problem associated with the analysis of Os as OsO 4 (i.e., by sparging directly from the digestion vessel into the
INTRODUCTION
The Re-Os isotopic system, based on the negative β decay of 187 Re to 187 Os, has been widely used in geochemistry and cosmochemistry over the past decade (Smoliar et al., 1996; Shen et al., 1996; Shirey and Walker, 1998; Meibom and Frei, 2002) . However, this approach has been limited by difficulties encountered with Re and Os isotope analysis, mainly due to their low abundance in geological materials, high ionization potential, and the high volatility of OsO 4 (Reisberg and Meisel, 2002) . The relatively recent development of negative thermal ionization mass spectrometry (N-TIMS) techniques has significantly enhanced the sensitivity and precision of Re and Os isotope analyses (Creaser et al., 1991; Volkening et al., 1991) . N-TIMS is the most widely used method for Re-Os determination due to the 20% and 10% ionization efficiencies for Os and Re (as OsO 3 -and ReO 4 -), respectively. plasma) is that it is released over a long period (30-40 min), meaning that small Os signals are obtained and that a significant memory effect may result. This memory effect can be reduced by replacement with an evaporation vessel for each sample and connecting tube but it requires the plasma to be extinguished, thereby increasing the analysis time (Sun et al., 2001; Malinovsky et al., 2002) . Makishima and Nakamura (2006) measured Os and Re isotope ratios at sub-picogram levels using MC-ICP-MS with an Aridus ® desolvating sample-introduction system (CETAC Technologies) and multiple ion-counters. This method yields a marked increase in detector sensitivity, generating a reproducibility (1σ) of 2.7-0.14% for 187 Os/ 188 Os measurements in samples with Os concentrations of 1-100 pg mL -1 . However, the method is somewhat time-consuming (40 min and 20 min per sample for analyses of Os and Re, respectively) because the standard bracketing method is inappropriate and the wash solution (0.5 mol L -1 HF) is relatively ineffective. These problems have reduced the traditional ICP-MS advantage of short measurement time.
In the present study, we improved the analytical protocols for Re-Os analysis using MC-ICP-MS with solution nebulization. Os samples were prepared in 2% HCl-EtOH solution and samples were introduced into plasma via a highly sensitive glass MicroMist nebulizer. The washout time was 8 min using 5% HCl-EtOH solution. Mass fractionation in Re measurements was externally corrected using the isotope ratio of the added Ir and Os ratios and by normalizing measured 192 Os/ 188 Os values to 3.08271 (Nier, 1937) . Using this method, the total time required for Os and Re measurements is shorter than that required using the standard bracketing method. The employed method enables a higher sample throughput, using more convenient sample preparation than that reported in previous works (Creaser et al., 1991; Volkening et al., 1991; Schoenberg et al., 2000; Yin et al., 2001; Suzuki et al., 2004; Makishima and Nakamura, 2006) .
EXPERIMENTAL

Materials and reagents
The Re standard was a natural Re standard solution prepared by dissolving Re ribbon (Niloco Co., Japan) with concentrated nitric acid. The Re ( 185 Re-enriched) and Os spikes ( 190 Os-enriched) were purchased from Oak Ridge National Laboratory (USA) and dissolved with aqua regia in a closed glass tube. The Ir standard solution (GSB G62066-90) was purchased from the National Analysis Center for Iron and Steel (China). Two different Os standard solutions (Johnson-Matthey Chemicals ICP standard solution and Merck Chemical AA standard solution) were used for measurements of Os isotopic ratios. Dilute solutions of acids or elements for mass spectrometry were prepared with water obtained from a 18.2 M Ω grade Millipore system. All solutions and samples were mixed and prepared in a clean lab prior to analysis.
Apparatus
The bulk of the study was carried out using a Micromass (Manchester, UK) IsoProbe ® MC-ICP-MS housed at the Key Laboratory of Isotope Geochronology and Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, China. The instrument is described in detail in previous publications (Rehkämper and Mezger, 2000; Thirlwall, 2002; Liang et al., 2003) . The IsoProbe produces flat-top, symmetrical peaks and is equipped with nine independently adjustable Faraday cups and four adjustable ion-counters. The operating conditions were finely tuned daily to achieve maximum ion intensity of 192 Os and 187 Re. The gain of each ioncounter was obtained by measuring two different standard solutions of Os. The sample solution of Re was introduced into the plasma using an Aridus ® desolvating sample-introduction system (CETAC Technologies). This system removes water from the sample solutions by passing them through a desolvating membrane at 140°C, thus providing a "dry" aerosol to the plasma. This increases introduction efficiency by a factor of 15-20 over conventional sample introduction systems. Os sample solutions were introduced into the ICP via a self-aspirating MicroMist nebulizer (Glass Expansion, Australia). This glass concentric nebulizer provides high performance and sensitivity for samples of limited-volume.
N-TIMS analyses were performed using a ThermoFinnigan Triton ® instrument housed at the Japan Agency for Marine-Earth Science and Technology (JAMSTEC), in negative ion detection mode, equipped with an oxygen gas-leak valve and an ion counting multiplier (Kato et al., 2005) . The Os was loaded on high-purity Pt filament (99.999%; H. Cross Co., USA), previously baked in till the temperature was high enough for the filament to appear bright red in colour and it was maintained at this temperature for more than 3 minutes. The sample was covered with 10 µg Ba(NO 3 ) 2 (Claritas, Spex Inc.). Os and Re isotopic compositions were respectively measured in pulse-ion-counting electron multiplier mode and in static multiple Faraday collector mode. Instrumental mass fractionation of Os was corrected for by normalizing the measured 192 Os/ 188 Os values to 3.08271 (Nier, 1937) , using an exponential law. Oxygen subtraction for Os was performed using values of 17 O/ 16 O = 0.00037 and 18 O/ 16 O = 0.002047 (Nier, 1950) . Rhenium isotope compositions were measured using a total evaporation technique (Suzuki et al., 2004) .
Os measurement procedures
All Os standards and samples were freshly prepared in 2% HCl-EtOH solution made from 2 mL of concentrated HCl and 2 mL of absolute alcohol diluted in 96 mL of water. The addition of small amounts of alcohol resulted in an increase in the sensitivity of Os measurements by ICP-MS. Compared to 5% HCl and 5% HBr, it was found that the sensitivity of Os was increased about 5-10% by using 2% HCl-EtOH. It is possible that the enhancement of the Os signal by addition of alcohol is caused by an improved degree of ionization of Os and nebulization efficiency (Cao et al., 2000) . Sample solutions with Os concentrations less than 2 ng g -1 were measured by channeltron. In our previous study, 185 (Nier, 1937) . The acquisition of a run comprised 5 blocks of 10 ratios, with 5 s of integration time per mass and required 0.5 mL of sample solution. In total, each measurement required 8 min, including the on-peak zero (OPZ) procedure. Using a routine tuning method, sensitivities of ~2 × 10 4 cps for 192 Os (0.2 ng g -1 ) were obtained. Between analyses, the inlet system was cleaned with 5% HCl-EtOH mixture solution followed by 5% HCl for 8 min. The total measurement time was therefore 16 min per sample.
For Faraday cup measurements of Os, the nine Fara- (Nier, 1937) was used for internal normalization using an exponential law (Russell et al., 1978) . All other analytical conditions were the same as those adopted in ion counting mode.
Re measurement procedures
Rhenium has two isotopes ( 185 Re and 187 Re), thereby preventing correction for mass fractionation by internal normalization without the use of artificial radioactive isotopes. An advantage of MC-ICP-MS is the ability to monitor on-line and to correct for mass fractionation during measurement, by the addition of Ir to Re analyte solutions (Schoenberg et al., 2000; Liang et al., 2005; Maréchal et al., 1999; Rehkämper and Mezger, 2000; Waight et al., 2002; Kehm et al., 2003) . The Re standard and sample solutions were diluted using Milli-Q water. Ir solution was added to Re analyte samples till a Re-Ir mixture solution ratio of 0.2-5 was achieved. Five Faraday cups (Axial, High2, High4, High5, and High6) were used to collect the ion currents corresponding to 185 Ir/ 191 Ir were obtained with an integration time of 2 s for each run. Between samples, the inlet system was cleaned with 6% HCl followed by Milli-Q water with a washout time of 8 min.
RESULTS AND DISCUSSION
Os measurements by ion-counter and Faraday cup
Herein, we refer to the Os standard of the JohnsonMatthey Chemicals ICP standard solution and the Merck Chemical AA standard solution respectively as J-Os standard and M-Os standard. For static multi-ion counter measurements, 200 and 2000 pg g -1 of J-Os and M-Os standards (corresponding to 100 and 1000 pg of Os, respectively) were freshly prepared in 2% HCl-EtOH and measured alternately. The value and precision (2σ) of 187 Os/ 188 Os for the two standards were then calculated ( (Fig. 1) .
The non-radiogenic Os isotopic ratios (e.g., 190 Os/ 188 Os and 192 Os/ 190 Os) are important in assessing the accuracy of MC-ICP-MS measurements. (Creaser et al., 1991; Volkening et al., 1991; Shirey and Walker, 1998; Hirata et al., 1998; Birck and Allègre, 1998; Yin et al., 2001; Boulyga et al., 2002 Os/ 190 Os values measured by Faraday cups are also consistent with previous data. However, the values determined by multi-ion counters are slightly lower, probably due to inaccurate gain calibration of the ioncounters.
In summary, the precision and accuracy of Os isotopic measurements performed using the present MC-ICP-MS are similar to those obtained by N-TIMS.
Re measurements using iridium to correct for mass fractionation Makishima and Nakamura (2006) demonstrated that mass fractionation can be corrected using a standard bracketing method during MC-ICP-MS measurements of Re isotope ratios. This is achieved by interpolating the mass fractionation of an unknown sample from the fractionations of two standard runs performed before and after the unknown sample. However, mass fractionation by simple interpolation between standards (i.e., without internal or external isotopic normalization) is only valid if the nature of mass fractionation does not change between standards and samples, thereby requiring extremely strict sample purification because a heavy sample matrix can also result in a marked change in fractionation factors (Woodhead, 2002) .
In the present study, the element Ir was used as an internal isotopic standard, added to Re-Ir solutions to enable on-line correction for mass fractionation (Schoenberg et al., 2000) . Initially, 187 Re/ 185 Re values were corrected for mass fractionation using an exponential law and assuming the same mass fractionation factor for Re and Ir. However, the corrected 187 Re/ 185 Re ratios showed a systematic deviation from reported values (Gramlich et al., 1973; Suzuki et al., 2004) (Liang et al., 2005) was systematically lower (by approximately 0.35%) than the fractionationcorrected value determined by N-TIMS ( 187 Re/ 185 Re = 1.6755 ± 14) (Suzuki et al., 2004) . It should also be noted that our values were significantly lower than the certified isotope ratio adopted by International Union of Pure and Applied Chemistry (IUPAC) ( 187 Re/ 185 Re = 1.6740 ± 11) (Rosman and Taylor, 1998) . To obtain more reliable and consistent Re isotopic data, a methodology similar to that applied to measurements of W isotopes was employed, using 187 Re/ 185 Re for mass fractionation (Irisawa and Hirata, 2006) . Following the modified exponential law of Irisawa and Hirata (2006) Volkening et al. (1991) N-TIMS 1.98380 1.55389 Creaser et al. (1991) N-TIMS 1.98422 1.55349 Boulyga et al. (2002) MC-ICPMS 1.98378 1.55395 Hirata et al. (1998) MC-ICPMS 1.98375 1.55393 Yin et al. (2001) MC-ICPMS 1.98406 1.55369 Average (2σ, n = 7)
1.98398 ± 58 1.55375 ± 48
This study MC-ICPMS* (2σ, n = 24) 1.98370 ± 150 1.55280 ± 120 MC-ICPMS** (2σ, n = 10) 1.98387 ± 58 1.55388 ± 46 (Walczyk and Heumann, 1993) was used as the true ratio. To estimate the f value, we employed the Re isotopic data reported by Gramlich et al. (1973) , which is also adopted by IUPAC. The f value was optimized to minimize the deviations of all measured 187 Re/ 185 Re values of the Re standard from the reference value of 1.6740 (Gramlich et al., 1973; Rosman and Taylor, 1998) . The overall average of the f value was 0.8512 ± 0.0016 (n = 20). This value was applied for correction of the mass fractionation effect.
To Table 3 , and are in agreement with those measured by N-TIMS (Suzuki et al., 2004) . The 185 Re-enriched spike concentration was also calibrated using this Ir normalization procedure. For measurements of the 185 Re-enriched spike concentration, the external reproducibility was 0.6% (n = 6, 2σ). This good reproducibility demonstrates that the employed method is effective in precisely measuring Re concentrations using isotope dilution.
Treatment of Os and Re memory effects
The memory effect of Os introduced as a solution into the ICP-MS is known to be severe (Hirata, 2000) : high background levels and memories from previous samples can affect subsequent measurements. Low background levels are a prerequisite for achieving accurate measurements of Os isotope ratios at the picogram level. Previous studies have shown that OsO 4 can penetrate into plastic (Pearson et al., 1999) or Teflon, or be absorbed into the wall of Teflon vessels (Suzuki et al., 1992) , making it difficult to eliminate. Therefore, it is preferable to introduce Os in a reduced form (e.g., OsBr 6 2-or OsCl 6 2-) (Nowell et al., 2007) . Hirata (2000) reported that the use of a FSC spray chamber can help in minimizing the Os memory effect. We found that the introduction of Os samples into the ICP through a glass nebulizer rather than a Teflon nebulizer lead to a significant reduction in the magnitude of the Os memory effect. This suggests that the source of the Os memory effect in the inlet system is not only in the spray chamber, but also in the nebulizer.
Makishima and Nakamura (2006) (Meisel et al., 2001) . The resulting memory effects of Re and Ir were minor. When Re samples were introduced into the ICP by Aridus ® and the inlet system was cleaned with 6% HCl, the residual signal after 10 min washout was less than 0.05% of the sample signal intensity. This memory effect is negligible in terms of isotope dilution measurements of Re. To avoid memory or contamination effects related to the sample inlet system, we used the glass nebulizer and Aridus ® system for measurements of Os and Re, respectively.
To evaluate the magnitude of the memory effect, two Os standard solutions with different radiogenic 187 Os abundances were measured alternately by MC-ICP-MS (Fig. 1) . The average 187 Os/ 188 Os values obtained for the J-Os and M-Os standards using MC-ICP-MS were 0.1069 ± 7 (n = 12, 2σ) and 0.1203 ± 9 (n = 12, 2σ), respectively. These values are within measurement uncertainty of the average 187 Os/ 188 Os values obtained by N-TIMS for J-Os (0.10694 ± 6) and M-Os (0.12022 ± 20). Therefore, the Os memory effect can be considered negligible, having no significant influence on the measured Os isotope ratios.
CONCLUSION
The pronounced memory effect and low sensitivity of Os represent problems in performing highly precise Os 
